Poisson's ratio depends on the applied strain (i.e., tailorable Poisson's ratio). Whereas metamaterials with tailorable Poisson's ratios would find many important applications, the design of a metamaterial with a giant Poisson's ratio that is constant over all the material deformation range has been a major challenge. Here, we develop a new class of bimaterial-3D-metamaterials with giant and strainindependent Poisson's ratios (i.e., Poisson's ratio is constant over the entire deformation range). The unit cell is 3D assembled of hinged-struts. Specially designed spherical hinges were utilized to give constant Poisson's ratios. This new class of metamaterials has been demonstrated by means of experimental and numerical mechanics. 15 material samples were 3D printed by Stereolithography (SLA) and tested. We revealed a robust anisotropy dependence of the Poisson's ratio. A giant negative Poisson's ratio of −16 was obtained utilizing a highly anisotropic unit cell of dissimilar materials and stiffnesses. Materials with giant and strain-independent Poisson's ratios provide a new class of artificial metamaterials, which would be used to optimize the performance of many existing devices, e.g., strain amplifiers and gauges.
Results
Our proposed hinged-3D metamaterial is shown in Fig. 1 . The unit cell of this metamaterial consists of 12 hinged struts ( Fig. 1(a) ). Our metamaterial is a bimaterial with struts along − xz plane are made of a material with an elastic modulus E 2 (MAT 2) while other struts are made of a material with an elastic modulus E 1 (MAT 1). The struts are hinged together to allow a free rotation at their ends. The metamaterial is assembled such that hinges 1 and 2 are aligned with − x axis, hinges 3 and 4 are aligned with − y axis, and hinges 5 and 6 are aligned with − z axis, as shown in Fig. 1 .
Our developed metamaterial can give Poisson's ratios of two opposite algebraic signs when measured from two different planes. When < E E 2 1 , the distance between hinges 3 and 4 decreases due to a unit cell stretch along − x axis ( Fig. 1(b) ). This indicates a positive in-plane ( − xy plane) Poisson's ratio (ν xy ). As long as hinges 3 and 4 approach each other, hinges 5 and 6 are pushed away indicating a negative Poisson's ratio of − xz plane (ν xz ). In the case that > E E 2 1 , the distance between hinges 5 and 6 decreases while the distance between hinges 3 and 4 increases due to a unit cell stretching along − x axis ( Fig. 1(c) ). For this case, ν xz is positive while ν xy is negative. However, both ν xy and ν xz are positive, when the unit cell is made of identical struts ( = E E 1 2 ). When identical struts are used, hinges 3, 4, 5, and 6 are pulled-in equally due to a stretch along x -axis. This indicates that the Poisson's ratio of the proposed metamaterial mainly depends on the contrast between E 1 and E 2 .
The unit cell of the proposed metamaterial was designed to give a metamaterial with a constant Poisson's ratio (see Supplementary Information -S1). Because of the spherical hinges, struts can freely rotate without bending. Struts are axially loaded due to a displacement in the longitudinal direction, which produces lateral displacements that depend on the unit cell geometry and the strut's stiffness. Because struts do not exhibit bending, the transverse displacements are directly proportional to the applied longitudinal displacement. Therefore, the Poisson's ratio is independent of the applied strain and constant for the different unit cell deformations (see Fig. 2c & Discussion) .
To demonstrate the new class of metamaterials with giant Poisson's ratios developed here, 15 samples of hinged-3D assembled unit cells were prepared ( Fig. 2(a) ). The struts and hinges were 3D printed by Stereolithography and then assembled to form a unit cell (see Methods & Supplementary Information -S2). The hinges were designed spherical with cut-outs to allow for the struts' assembly (see Supplementary Information -S1). One unit cell was prepared with identical stiffnesses along x, y, and z -axes (Sample 15). This unit cell was made of identical struts (i.e., = E E 1 2 ) and = = L W T (where L, W, and T are the unit cell length, width, and thickness, respectively (see Fig. 1 (a))). Other unit cell-samples (14 samples) were prepared with different struts. These unit cells were prepared with a high contrast between E 1 and E 2 (i.e., → ∞ E E / 1 2 ) and different T L / and W L / ratios (i.e., = . → . T L / 024 4 21 and = . → . W L / 058 2 45). The different unit cell samples are represented in Fig. 2(a) . The geometries of these samples are summarized in Table 1 .
The Poisson's ratios (ν xy and ν xz ) of the prepared samples were measured by means of motion analysis (as explained in Methods). The measured Poisson's ratios for the different samples are represented in Fig. 2 xy . Our proposed metamaterial is of constant Poisson's ratio that is independent of the applied strain (see Fig. 2 (c)). To demonstrate this fact, a sample with = .
L 29 4 mm, = .
W 39 33 mm, and = .
T 52 18 mm was experimentally tested for different applied longitudinal strains,  x . The transverse strains,  y and z  , were measured for the different values of the applied strain,  x , and plotted in Fig. 2 Fig. 2 (c). These linear relationships extend with excellent linearity for the considered strain range with R-squared values >92% and >97% for  z and  y , respectively. The Poisson's ratio being constant for the entire material deformation range is attributed to the utilization of the spherical hinges. Because of these spherical hinges, struts freely rotate and are stretched without bending due to the applied longitudinal strain (see Discussions). It should be mentioned that the struts would, however, bend/buckle when the metamaterial is deformed at a strain higher than the strain limits considered in this study. Beyond the considered strain range, the metamaterial is definitely nonlinear-elastic, and the transverse strains, y  and z  , nonlinearly vary with the longitudinal strain,  x , giving the Poisson's ratio is strain-dependent. W 39 33 mm, and = .
T It should be noted that the bounds of the unit cell dimensions L, T , and W depend on the sizes of the struts and the spherical hinges. Struts and hinges of smaller sizes would allow for a wider range of values of the geometrical parameters T L / and W L / . Nonetheless, using struts of small sizes would decrease the overall material stiffness and strength. Therefore, the optimum design of the metamaterial should be carried out taking into consideration the changes in the material stiffness and strength upon changing the sizes of the struts and the hinges.
An auxetic behavior was detected when a unit cell with ≠ and < T L / 1 ( Fig. 3(d) ). It should be mentioned that a double negative Poisson's ratio-metamaterial is not an option where either ν xy or ν xz would be positive ( Fig. 3(c,d) ).
It follows from Fig. 3 that the developed metamaterial is sensitive to small microstructural topology changes. For example, a slight change in E E / 2 1 ratio from 2 to 0.2 led to significant increase in ν xy by ~300% and decrease in ν xz by ~182% for a unit cell with = = T L W L / / 1 ( Fig. 3(a,b) ). The change of Poison's ratio is maximized by decreasing E E / 2 1 ratio till the lower bound limit, 0, achieving increase in ν xy by ~400% and decrease in ν xz by ~243% for a unit cell with geometrical ratios of unity. From the practical point of view, this asymptotic lower limit
) can be approached using a unit cell with  E E 2 1 . For example, a unit cell made of metal and polymer struts would achieve → E E / 0 2 1 . In addition, the rate of change of the Poisson's ratio due to a change in E E / 2 1 ratio increases as T L / ratio decreases. For instance, ν xz of a unit cell with = . T L / 01 and = W L / 1 changed from ~78 to − 100 when E E / 2 1 ratio was decreased from 2 to 0. Results in Fig. 3 (c-f) indicate that the Poisson's ratios ν xy and ν xz of the developed metamaterial can be significantly altered due to a slight change in W L / and T L / . For example, ν xz was observed increasing from ~0 to − 70 due to a change in T L / from 2 to 0.1 for a unit cell with = . E E / 005 2 1 and = W L / 1 (Fig. 3(d) ). On the other hand, ν xy was determined increasing from ~0 to ~60 due to a change in W L / from 2 to 0.1 for a unit cell with = E E / 1 2 1 and = T L / 1 (Fig. 3(e) ). Our proposed metamaterial exhibits a giant Poisson's ratio if it is composed of unit cells of a high contrast between E 1 and E 2 and of  T L / 1 and/or  W L / 1 (Fig. 3(c-f) (Fig. 3(d) ). On the other hand, a metamaterial composed of unit cells with = . (Fig. 3(e) ).
Discussion
Here, we developed a new class of 3D-metamaterials that can give giant and strain-independent Poisson's ratios. The metamaterial is composed of 3D unit cells, which are assembled from struts and spherical hinges (see Fig. 1  & Fig. S1 ). The material is isotropic with a positive Poisson's ratio of ν = .
0 33 if its unit cell is of identical stiffnesses when measured from x, y, and − z directions. However, it gives a negative Poisson's ratio by achieving a contrast between the unit cell stiffnesses along x, y, and − z directions (see Fig. 2 & Fig. S4 ). The unit cell stiffness www.nature.com/scientificreports www.nature.com/scientificreports/ can be tailored by changing the strut's geometry and/or material. The magnitude of the Poisson's ratio increases as the contrast between the unit cell stiffnesses increases.
We experimentally and numerically demonstrated the microstructural topology dependence of the Poisson's ratio of the developed metamaterial ( Figs. 2 and 3 ). We revealed that the Poisson's ratios, ν xy and ν xz , robustly www.nature.com/scientificreports www.nature.com/scientificreports/ depend on the geometrical and material parameters of the unit cell, i.e., T L / , W L / , and E E / 2 1 . The Poisson's ratio would significantly decrease or increase for a slight change in T L / , W L / , and/or E E / 2 1 . Changes in these topology parameters lead to changes in the material stiffnesses along x, y, and − z directions. An increase in the material stiffness enhances the deformation along a certain direction and inhibits the deformation along another direction. Thus, the contrast between the deformations along the different directions results in significant changes in the Poisson's ratios. For instance, the increase in E E / 2 1 enhances the stiffness over the xz-plane (see Fig. 1(b,c) ). As a result, the deformation along z-axis is enhanced while the deformation along y-axis is significantly inhibited. Because of this enhancement in the stiffness, ν xz has been increased while ν xy has been decreased due to an increase in E E / 2 1 , as it can be seen in Fig. 3 . It is not only the elastic modulus ratio that would change the stiffness but also the geometrical parameters T L / and W L / . It was observed that ν xz increases and ν xy decreases upon increasing the W L / ratio. This can be attributed to the decrease in the material stiffness along yz-plane due to an increase in the W L / ratio (i.e., the stiffness of a truss element decreases as its length increases). The increase in the T L / ratio decreases the material stiffness along xz-and yz-planes. This, in turn, enhances the Poisson's ratio over xy-plane (ν xy ), while the Poisson's ratio over xz-plane (ν xz ) would increase/decrease depending on the other parameters.
We experimentally demonstrated a giant negative Poisson's ratio of −16 (Sample 7). This giant Poisson's ratio has been achieved using a unit cell of dissimilar materials and stiffnesses. The significant dissimilarity achieved in the unit cell stiffnesses resulted in a huge anisotropy, which is the main cause behind the achieved giant Poisson's ratio. According to Zener's anisotropy ratio, = − A C C C 2 /( ) 44 11 12 , and the Poisson's ratio-stiffness relation, ν = + C C C /( ) 12 11 12 , of cubic crystals, the Poisson's ratio is maximum of ν → 1/2 if the crystal is highly anisotropic with → ∞ A and = C C 11 12 . In addition, early investigations on the Poisson's ratio recommended highly anisotropic materials to give large negative Poisson's ratios 22, 24 . It was demonstrated that 69% of cubic crystals have negative and giant Poisson's ratios when stretched along [110] direction. This has been attributed to the anisotropic nature of BCC and FCC crystals. The Poisson's ratios of a cubic crystal measured from the transverse directions to [110] direction are maxima of −1 and 2 if the crystal is highly anisotropic with → ∞ A and = C C 11 12 . This has been achieved via our proposed design of the metamaterial where the material anisotropy is promoted by tailoring the unit cell geometry and/or using dissimilar materials.
In our developed 3D metamaterial, the giant negative Poisson's ratio relies on microstrain fields at the unit cell, which produce because of the struts' stretching. Previous studies demonstrated that giant Poisson's ratios of magnitudes higher than 1 can be achieved by promoting microscopic fields, e.g., microstrains or microrotations. For example, the giant Poisson's ratio of cellular materials has been attributed to flexural micro-deformations 35 . In addition, a giant Poisson's ratio of −12 was determined for microporous foams, which has been attributed to micro-rotation fields 22 . Furthermore, the theoretical mechanics using Cosserat and micromorphic models demonstrated that metamaterials with exotic properties can be produced as long as their microstructures are designed to promote microscopic rotations or deformations 2, 36 . These microscopic fields promote the transverse displacement for the material's longitudinal deformation, and hence lead to giant negative Poisson's ratios 36 .
Unlike existing designs of metamaterials 22, [27] [28] [29] 32, 33 , our proposed metamaterial is of constant Poisson's ratios. In our metamaterial, the transverse displacement is directly proportional to the applied longitudinal displacement. Because of the spherical hinges, struts freely rotate and are axially stretched without bending due to a displacement in the longitudinal direction. This design has led to a constant Poisson's ratio that is independent of the applied strain ( Fig. 2(c) ). In contrast, existing designs of metamaterials secrete Poisson's ratios that strongly depend on the applied strain. The Poisson's ratio of microporous foam is giant of −12 only when the material is subjected to a longitudinal strain of 15%, and the Poisson's ratio value decreases for other strains different than 15% 22 . In addition, the Poisson's ratio of carbon nanotube-yarns increased from 3.3 to 4.2 due an increase in the tensile strain from 5% to 9% 27 . In a recent study, a multi-material 3D metamaterial exhibited different negative Poisson's ratios when changing the applied strain between 3% to 18% 32 . These different designs secrete Poisson's ratios that depend on the applied strain because the unit cell of the metamaterial exhibits a nonlinear relation between the longitudinal and transverse displacements. This nonlinearity produces due to flexural bending of the fibrils or struts of the unit cell. Unlike these designs, we implement spherical hinges, which avoid the struts' bending; therefore, the longitudinal and transverse displacements are linearly related and the Poisson's ratio is constant for the entire material deformation range.
In addition to the promising applications of auxetic metamaterials, which include the development of advanced sensors and actuators, our developed metamaterial would replace existing materials used for making strain amplifiers and strain gauges. A metamaterial with a Poisson's ratio higher than 1 gives a good strain amplifier with an amplification factor bigger than −1. Our metamaterial gives a linear relation between longitudinal and lateral strains and gives the amplification factor constant and equal to −ν. Methods 3D printing and samples preparation. 15 samples of hinged-3D assembled unit cells were prepared to demonstrate the giant Poisson's ratio of our developed metamaterial ( Fig. 2(a) ). The unit cell is composed of struts connected via spherical hinges (see Figs. 1 and 2 & Supplementary Information -S1 ). The struts and hinges were 3D printed by Stereolithography (SLA) of Photoreactive polymer resin (FLGPGR04, density 1.09 g/cm 3 , viscosity 900 cps) provided by Formlabs, Inc. A Stereolithography 3D printer (Form Labs-Form2) with 25 μm layer thickness resolution and 140 μm laser spot diameter was used (see Supplementary Information -S2). Bottom-top building procedure was followed during the printing process. After printing, parts were rinsed in isopropyl alcohol (IPA) to remove uncured resin from the parts' surface. Parts were post-cured by exposure to ultraviolet light (using UV Nail Salon (see Fig. S2 )) for 30 min. Afterwards, the interface-surfaces of the struts and hinges were ground using a series of fine sandpapers of 2000-4000 grit size. Then, struts and hinges were assembled to form a 3D-hinged unit cell.
Poisson's ratio measurements. The Poisson's ratio of each of the prepared 15 samples of unit cells were measured by means of video and image analyses. The deformation of the unit cell was video recorded using a high resolution camera. Then, an image correlation software (ImageJ) was used to measure the unit cell deformation along x y , , and z -directions. The Poisson's ratio was calculated based on the measured deformations, as follows:
where ∆x, ∆y, and ∆z are the deformations of the unit cell along x y , , and − z directions, respectively. The deformations ∆x, ∆y, and ∆z were determined as the average of 7 measurements. L, W, and T are the unit cell length, width, and thickness, respectively.
It should be noted that the Poisson's ratios, ν xy and ν xz , are constants if the longitudinal displacement ∆x is linearly proportional to the transverse displacements ∆y and ∆z, i.e., ∆ = ∆ y a x and ∆ = ∆ z b x where a and b are two constants represent the slopes of the linear relations. The substitution of these relations into Eq. (1) gives:
It is clear that the Poisson's ratios are constants as long as the transverse displacements are proportional and linearly vary with the longitudinal displacements.
Numerical model. To investigate the microstructural topology effects on the Poisson's ratio of the developed hinged-3D metamaterial (Fig. 3) , a 3D truss model was developed. The 3D metamaterial is discretized such that each of the struts is a two-nodes bar element that exhibits 6 degrees of freedom in the global-3D domain. The elastostatic equilibrium of the 3D metamaterial was expressed in the matrix form, as follows:
where F is the applied force vector, and U is the nodal displacements global vector. K is the global stiffness matrix, which was defined as follows:
where N e is the total number of struts that form the metamaterial. C is the node connection matrix which maps the elements' stiffness matrix into the global matrix.
is the strut's local stiffness matrix. T is a transformation matrix, which was defined as follows: According to Eqs. (3) and (4), the element stifness matrix, k, in the 3D space was determined in the form: 
